ABSTRACT Recent studies have shown that persistent expression of FGF10 in the developing pancreas of transgenic mice results in enhanced and prolonged proliferation of pancreatic progenitors, pancreatic hyperplasia and impaired pancreatic differentiation. These studies have also suggested that FGF10 prevents the differentiation of pancreatic progenitors by maintaining persistent Notch signalling. Here, we provide experimental evidence sustaining the capacity of FGF10 to induce the proliferation of pancreatic precursors, while preventing their differentiation. Using explant cultures of E10.5 isolated dorsal pancreatic epithelium, we found that FGF10 maintained Notch activation and induced the expansion of pancreatic precursors while blocking their differentiation. In addition, by using a γ-secretase inhibitor, we were able to down-regulate the expression of Hes1, a target gene of the Notch pathway in explant cultures of pancreatic epithelium treated with FGF10. In such explants, the effect of FGF10 on the proliferation and maintenance of pancreatic progenitors was suppressed. These results demonstrate that activation of the Notch pathway is required as a downstream mediator of FGF10 signalling in pancreatic precursor cells.
Introduction
The mammalian pancreas is a mixed organ composed of exocrine and endocrine glands. In mice the pancreas develops from two evaginations of the primitive gut endoderm giving rise to the dorsal and ventral pancreatic anlagen. The first sign of pancreas morphogenesis is the formation of the dorsal pancreatic anlagen at embryonic day 9.5 (E9.5), followed shortly thereafter by the formation of the ventral anlagen (E10). The pancreatic precursor cells present in these anlagen are characterized by the co-expression of the transcription factors Pdx1, Nkx2.2, Nkx6.1 and p48/Ptf1α. Between E9.5-13.5, these cells undergo a phase of intense proliferation leading to an expanded precursors pool which subsequently and sequentially differentiate, giving rise to all the endocrine and exocrine cells of the mature pancreas (Edlund, 2002; Jensen, 2004) .
The Notch pathway has been identified as the mechanism controlling the self-renewal of the pancreatic precursors by preventing premature differentiation. In this pathway the transmembrane ligands Delta or Jagged expressed in adjacent cells (or in the same cell) activate the Notch receptors. Ligand activation leads to the cleavage of the intracellular domain of Notch (IC), which interacts with the RBPjk protein. This complex transactivates target genes including the Hairy Enhancer of Split (HES) family of bHLH repressors (Beatus and Lendahl, 1998) . The HES repressors generally act by down-regulating pro-differentiation factors such as Achaete and Scute in Drosophila proneurons (Fisher and Caudy, 1998) , MyoD in mammalian myoblasts (Kuroda et al., 1999) and Neurogenin 3 (Ngn3) in a neuroendocrine context (Lee et al., 2001) . The studies of the genetic inactivation of different components of this pathway, Hes1 (Jensen et al., 2000) , Ngn3 (Gradwohl et al., 2000) and RBPjk (Apelqvist et al., 1999) as well as mice over-expressing Ngn3 in early pancreatic progenitors (Apelqvist et al., 1999) , collectively show that Notch signalling controls the choice between differentiated endocrine cell and progenitor cell fates. According to this model the inactivation of the Notch receptor or signalling results in Ngn3 activation, leading to premature endocrine cell differentiation at the expense of pancreatic progenitors expansion and exocrine cell differentiation. In contrast, cells with active Notch signalling remain as undifferentiated progenitor cells that would proliferate, undergo morphogenesis and late differentiation. Recent studies have shown that Notch activation prevents not only endocrine differentiation but also acinar cell differentiation (Hald et al., 2003; Murtaugh et al., 2003; Esni et al., 2004) .
Although the key role of the Notch pathway in the maintenance of the self-renewal capacity of the pancreatic precursors seems well established, the coordination between this pathway and the signals controlling the growth, morphogenesis and cytodifferentiation remains poorly understood. The earlier studies on pancreas development have revealed the importance of epithelialmensenchymal interactions in the control of pancreas development. These studies have shown that in the absence of mesenchyme the isolated pancreatic epithelium fails to grow and differentiates only into endocrine cells. In the absence of mesenchyme, morphogenesis is also abolished (Golosow and Grobstein, 1962; Wessels and Cohen, 1967) . More recent studies have shown that mesenchyme can regulate the ratio between endocrine and exocrine cell differentiation (Rutter et al., 1978; Gittes et al., 1996; Miralles et al., 1998) .
The mesenchyme produces and secretes a large variety of growth factors which act as mediators of epithelial-mesenchymal interactions in many organs. Some of them, i.e. EGF, HGF, TGFβ and different FGFs, have been implicated in pancreatic growth and differentiation (Kim and MacDonald, 2002) . Among these, the FGFs signalling through the receptor FGFR2b seems to play a critical role in pancreatic organogenesis. Indeed, mice expressing a dominant negative form of FGFR2b and mutant null-mice for FGF1R2b or for its ligand FGF10, show severe pancreatic hypoplasia (Celli et al., 1998; Revest et al., 2001; Bhushan et al., 2001) .
We had shown in a previous study that different FGFs (FGF1, FGF7 and FGF10) signalling through the FGFR2b, induced the proliferation of the isolated rat embryonic pancreatic anlagen. Moreover after 7 days of culture with these FGFs most of the cells of the pancreatic epithelia appeared to have differentiated into acinar cells (Miralles et al., 1999) . However, the pancreatic epithelia treated with FGF10 retained some cells which did not stain for any markers of endocrine or exocrine pancreatic differentiation. Although we could not characterize these cells at that time, we presumed they were undifferentiated progenitors.
Interestingly, two recent studies have shown that persistent expression of the FGFR2b high-affinity ligand FGF10 in the developing pancreas of transgenic mice resulted in enhanced and prolonged proliferation of pancreatic progenitors, pancreatic hyperplasia and impaired pancreatic cell differentiation. Both studies provide evidence that FGF10 could maintain the activation of the Notch pathway throughout the developing pancreatic epithelium, thereby preventing the differentiation of the pancreatic progenitors (Norgaard et al., 2003; Hart et al., 2003) .
These new observations prompted us two characterize more thoroughly the effects of FGF10 on the development of isolated mouse embryonic pancreatic epithelia in vitro. Moreover, we have used the in vitro cultures to examine the effects of FGF10 on the maintenance of the Notch pathway in an active state in the pancreatic precursor cells. Our data show that in the isolated embryonic pancreatic epithelium, FGF10 induces the proliferation of the pancreatic progenitors and blocks their differentiation. We provide also experimental evidence demonstrating that the effect of FGF10 on the self-renewal of the pancreatic progenitors is dependent on active Notch-signalling.
Results

Growth of pancreatic rudiments in growth factor reduced Matrigel
Dorsal pancreatic rudiments from mouse embryos were taken at E10.5, depleted of their surrounding mesenchyme and cultured for 3 or 7 days in growth factor reduced Matrigel. The pancreatic rudiments were grown either in the absence or presence of FGF10.
Pancreatic epithelia grown without FGF10 did not significantly increase in size over the culture period ( Fig. 1 A and E) . Occasionally small buds were observed on the surface of the rudiments. After seven days of culture the pancreatic rudiments were doubleimmunostained with anti-β-catenin and anti-vimentin antibodies (Fig. 1C) . The rudiments were negative for vimentin indicating that no contaminant mesenchymal cells were left after the depletion procedure. The β-catenin staining showed that these rudi- ments were formed by tightly associated epithelial cells surrounding a small central lumen. The buds protruding from the rudiment were also formed by tightly clustered cells surrounding in some cases a small lumen. The pancreatic rudiments treated with FGF10 grew rapidly and after 7 days of culture they had underwent a 10-fold increase in size ( Fig. 1 B and E) . By the second day of culture the FGF10-treated explants started to show morphological changes. Multiple buds appeared in the surface of the rudiments which progressively transformed into tubular structures that invaded the surrounding gel (Fig. 1B) . The β-catenin immunostaing showed that these tubular structures were formed by single layered epithelial cells surrounding a lumen (Fig. 1D) . Vimentin staining was negative, indicating that there was no contamination by mesenchymal cells and also, that FGF10 did not have any trophic effect on mesenchyme cells that could eventually remain after the depletion procedure.
Analysis of pancreatic differentiation after three days of culture
After three days of culture the pancreatic epithelial rudiments grown in the absence of FGF10 stained positively for glucagon and insulin ( Fig. 2A) . We did not detect any cells staining for somatostatin or pancreatic polypeptide (PP). Staining for amylase ( Fig. 2C ) and carboxypeptidase A (not shown) was negative and we also could not detect any cells staining positively for DBA (Dolihcos Biflorus Agglutinin) lectin (specific for ducts in the pancreas). Pdx1 staining was detected in some cells ( Fig. 2A) . A few cells showing strong Pdx1 staining, co-stained positively for insulin, indicating that they were β-cells. Cells showing low levels of Pdx1 staining, never co-stained with other pancreatic markers, suggesting that they were undifferentiated cells. Similar results were obtained with Nkx6.1 staining (Fig. 2E ). The quantitative analysis showed that after three days of culture, the cells expressing glucagon and insulin represented respectively 60% and 30% of the relative cell surface in the rudiments (Fig. 5A ). The undifferentiated cells represented only 10% of the rudiments surface.
Pancreatic epithelia grown in the presence of FGF10 for three days stained positively for glucagon and insulin ( Fig. 2B ) and were negative for amylase ( Fig. 2D) , somatostatin, PP, carboxypeptidase A and DBA lectin (not shown). In these rudiments most cells showed strong staining for Pdx1 (Fig. 2B ) and Nkx6.1 (Fig. 2F) . Only a small fraction of the Pdx1/Nkx6.1 staining cells, co-stained also for insulin, indicating that the majority of them were undifferentiated cells. The quantitative analysis indicated that after three days of culture in the presence of FGF10, glucagon and insulin-expressing cells represent only 15% and 5% respectively of the total cell surface in the rudiments. Thus, the majority of the cells remained undifferentiated (Fig. 5A ).
Analysis of pancreatic differentiation after seven days of culture
After seven days of culture the untreated pancreatic epithelial rudiments had not significantly increased in size with respect to the initiation of the culture. In these rudiments 85% of the total cell surface stained positively for glucagon+insulin. Amylase staining cells composed the remaining 15% ( Fig. 3A and Fig. 5B ). Pdx1 staining ( Fig. 3B ) and Nkx6.1 staining (not shown) were found only in a few cells. Double immunofluorescence stainings (Pdx1/ and 5B) and the remaining 50% was occupied by undifferentiated cells (Fig. 4 A,B,C and 5B). In the explants treated with FGF10 most cells were positive for Pdx1 and Nkx6.1 staining (Fig. 4 D and E) . Only a small fraction of these cells stained for insulin or glucagon (Fig. 4 D and F) . These results show that after 7 days of culture the pancreatic epithelia treated with FGF10 still have a considerable number of undifferentiated cells. These cells are presumably pancreatic progenitors. As for the untreated epithelia we could not detect cells expressing somatostatin, PP, or ductal markers.
FGF10 stimulates the proliferation of E10.5 isolated pancreatic epithelium
To determine the effects of FGF10 on the proliferative capacity of the pancreatic explants, we added BrdU (5-Bromo-deoxyUridine) to the culture medium 3 hours before stopping the cultures. Double immunostainings for β-catenin and BrdU were performed to calculate the proliferation index in the explants (Fig.  6C ). In the untreated pancreatic rudiments after either three or seven days of culture, very few cells were labelled with BrdU ( Fig.  6A ). In contrast, pancreatic rudiments treated with FGF10 showed a high BrdU labelling index at both three and seven days of culture ( Fig. 6A) , indicating that cells were actively proliferating in the FGF10-treated rudiments. Double immunostaining for BrdU and pancreatic cell markers (insulin, glucagon, amylase, Pdx1 and Nkx6.1) allowed us to measure the percent of proliferation for each cell type (Fig. 6B ). In the untreated rudiments, cells staining for insulin and glucagon did never co-stain for BrdU and only a few amylase-positive cells were occasionally found to co-stain with BrdU (less than 3%). In the rudiments treated with FGF10 the endocrine cells were also negative for BrdU staining. On the contrary, cells staining for amylase showed significant BrdU incorporation (15% of amylase+ cells were BrdU+; Fig. 6B , D and E). Moreover a significant amount of cells (20% after 7 days of culture) that did not stain for amylase or endocrine hormones, stained for BrdU (Fig. 6 B, D and E). These cells were presumably proliferating precursor cells.
Activation of the Notch pathway in undifferentiated cells of the FGF10-treated rudiments
The pancreatic rudiments grown in the presence of FGF10 appeared similar to the pancreas of transgenic mice expressing FGF10 under the control of the Pdx1 promoter (pPdx1-FGF10). In these animals pancreatic differentiation was impaired and most cells remained in an undifferentiated state. The expression of Hes1, a downstream target for Notch, in most of the undifferentiated cells of the transgenic pancreas suggests that this condition could result of persistent activation of the Notch pathway (Hart et al., 2003; Norgaard et al., 2003) . Thus, we analyzed by RT-PCR the expression of different components of the Notch pathway in the isolated pancreatic epithelia cultured with or without FGF10. The expression of the Notch1 and Notch 2 receptors (Fig. 7A ) as well as their membrane bound ligands Jagged 1, Jagged 2 and Delta 1 (not shown) persisted in both the FGF10-treated and untreated pancreatic epithelia trough the culture period. Interestingly, the expression of Hes1 was rapidly down-regulated in the control epithelia, while it was maintained in the FGF10-treated epithelia (Fig. 7A) . In situ hybridization on FGF10-treated rudiments showed that Hes1 is expressed in a considerable number insulin or Nkx6.1/insulin) showed that in these rudiments the Pdx1 and Nkx6.1 positive cells always co-stained with insulin (not shown). Thus after seven days of culture the untreated pancreatic epithelia had completely differentiated. These rudiments were composed essentially by endocrine cells (85%) and a few, acinar cells (15%). We did not detect any cells staining for DBA lectin in these explants and we also failed to detect the specific ductal products CFTR and Carbonic anhydrase II by RT-PCR (data not shown). Cells staining for somatostatin or the PP were also absent.
The isolated pancreatic epithelia treated with FGF10 showed a 10-fold increase in size after seven days of culture. In these rudiments cells expressing glucagon or insulin (Fig. 4 A,B, C) represented respectively 7% and 3% of the rudiments surface (Fig. 5B) 
Inhibition of the Notch pathway blocks FGF10 effects on growth and cell differentiation
To further demonstrate that the effects of FGF10 on the pancreatic rudiments were mediated by the activation of the Notch pathway, we cultured FGF10 treated rudiments with compound 1, a γ-secretase inhibitor . The γ-secretases are intramembrane proteases required for the activation cleavage of Notch receptors following ligand binding (De Strooper et al., 1999) . Compound 1, has been previously shown to strongly inhibit Notch activation (De Strooper et al., 1999) . Compound 1 was added at 10, 25 or 50 µM on pancreatic explants that were treated simultaneously with FGF10. RT-PCR analysis demonstrated that compound 1 at 50 µM, efficiently inhibited Hes1 expression in FGF10-treated pancreatic epithelia (Fig. 7B) . Moreover compound 1 blocked the proliferative effect of FGF10 on the isolated pancreatic epithelium. In some experiments compound 1 was added at the beginning of the culture and in others compound 1 was added after 3 days of culture. In both cases growth arrest was almost immediate. The immunohistochemical analysis showed that in these explants 40% of the cell surface corresponded to endocrine cells, 50% to acinar cells and a small proportion (3%) to undifferentiated cells (Fig. 7C) . We could also detect a few cells (~5%) staining positively for the DBA lectin (Fig.  7D) . Carbonic anhydrase II transcripts were detected by RT-PCR in these explants. Thus, in these explants a few cells had differentiated into ductal cells.
Lunatic fringe is induced by FGF10 in the isolated pancreatic epithelium
To further understand how FGF10 can maintain Notch activation in the undifferentiated pancreatic epithelium we analyzed the expression of Lunatic fringe a well known modulator and enhancer of Notch activity. The RT-PCR analysis confirmed that Lunatic fringe is expressed throughout pancreatic development (Fig. 8A) . The expression of Lunatic fringe in the developing pancreas appears to be maximal between E12 and E16. Interestingly, this period corresponds to a phase of intense proliferation of the pancreatic progenitors. Moreover, Lunatic fringe expression is downregulated in isolated E10.5 pancreatic epithelium (Fig. 8B) , indicating the requirement of a mesenchymal signal for its expression. However, FGF10-treatment restores Lunatic fringe expression (Fig. 8B) . Thus, FGF10 could modulate Notch activity by inducing the expression of Lunatic fringe.
Discussion
To study the effects of FGF10 on the self-renewal of the pancreatic progenitors we have used explant cultures of isolated E10.5 mouse dorsal pancreatic epithelia. The explants were grown into reduced growth factors Matrigel with or without FGF10 and their development analyzed after three or seven days of culture. Our results showed that after three days of culture the untreated pancreatic epithelia did not increase in size while those cultured with FGF10 presented a 4-fold increase in size. The analysis of BrdU incorporation indicated very low proliferation in the untreated rudiments and active proliferation in those receiving FGF10. The untreated pancreatic epithelia were essentially composed by endocrine cells (90% of the total cell surface in the rudiment) and only a few cells remained undifferentiated (10%). In the FGF10 treated epithelia the reverse was observed: the endocrine cells represented only 15% of the rudiment surface area while the remaining 85% was composed of undifferentiated cells. Our results indicate that in the untreated pancreatic epithelia the progenitors cells fail to proliferate and differentiate rapidly. In contrast, in the FGF10-treated epithelia the pancreatic progenitors proliferate actively and remain in an undifferentiated state characterized by the co-expression of the transcription factors Pdx1, Nkx6.1, Ptf1α and Hes1.
After seven days of culture the untreated pancreatic epithelia did not increase in size and were composed essentially by endocrine cells (85%) and a few acinar cells (15%). On the contrary during this period the explants treated with FGF10 (Hart et al., 2003; Norgaard et al., 2003) . It should be mentioned that transgenic expression of a dominant negative FGFR2b under the control of the Pdx1 promoter did not lead to a pancreatic phenotype (Hart et al., 2000) and only a week pancreatic hypoplasia was observed in the FGFR2b-null mice (Pulkkinen et al., 2003) . These studies seem to contradict the hypothesis that FGF10 could play a major role in the control of the proliferation of the undifferentiated pancreatic epithelia. However it must be noted that FGF10 might signal trough other receptors (Powers et al., 2000) . Moreover, other factors like FGF2, FGF7, EGF and HGF are also able to stimulate the proliferation of the embryonic pancreatic epithelia and could compensate the loss of FGF10 signalling (Kim and MacDonald, 2002; Edlund, 2002) .
Another important effect of FGF10 is its capacity to maintain a considerable number of cells in an undifferentiated state. As indicated above, after seven days of culture in the presence of FGF10 a considerable number of cells in the isolated pancreatic epithelia did not stain positively for endocrine or exocrine markers of pancreatic differentiation. These cells co-expressed the transcription factors Pdx1, Nkx6.1 and p48/Ptf1α, which is a characteristic of pancreatic progenitors. Moreover, most of the undifferentiated cells in the FGF10-treated epithelia express the transcription factor Hes1. This is another characteristic of pancreatic progenitors and indicates that the Notch pathway is active in these cells. These results are similar to what has been reported in the pPdx1-FGF10 transgenic mice, which showed pancreatic hyperplasia, maintenance of pancreatic progenitors in an undifferentiated state and persistent Notch activation (Hart et al., 2003; Norgaard et al., 2003) . In our in vitro cultures, acinar differentiation was not so efficiently blocked as it was in the transgenic mice. This could be explained by the fact that in the transgenic mice FGF10 is expressed at the onset of Pdx1 expression, that is E8.5. Thus, in these animals, FGF10 is acting on the early pancreatic progenitors. In our study we have used E10.5 pancreatic epithelium. At this stage most cells in the pancreatic rudiment are progenitor cells, but a few cells have differentiated into endocrine cells and others are probably, as mentioned above, already engaged into acinar differentiation. The mitotic effect of FGF10 on the few acinar cells which differentiate spontaneously probably enhances the relative proportion of acinar cells in our model.
The proportion of undifferentiated cells in the mouse explants is increased comparatively to what was previously observed using isolated E11.5 rat dorsal pancreatic epithelium (Miralles et al., 1999) . The E11.5 rat and the E10.5 mouse dorsal pancreatic rudiments are very similar in terms of transcription factors expression and cell differentiation status. Thus, the differences are essentially due to different culture conditions. The cultures were done in serum free conditions in previous studies whereas we added 1% fetal calf serum (FCS) in the present study. We noted suggests that most of these cells arise by proliferation of the few acinar cells which differentiate from the isolated pancreatic epithelia. It is well established that acinar differentiation is dependent on mesenchymal signals (Rutter et al., 1978; Gittes et al., 1996; Miralles et al., 1998) . However, in our culture conditions we observed that a few acinar cells form in isolated pancreatic epithelium. The absence of vimentin staining indicated that there was no contamination by mesechyme cells in these cultures. Therefore these cells probably arise from pancreatic progenitors, which were already engaged in acinar differentiation prior to mesenchyme removal. In this respect it is noteworthy that although not detectable by immunohistochemistry, some specific acinar products like carboxypeptidase A can be detected by RT-PCR as early as E9.5 in the pancreatic rudiments of mice (Gittes and Rutter, 1992) , (and our own results). An alternative explanation would be that the role of the mesenchyme in pancreatic development is to furnish permissive rather than instructive signals. The FGF10 (as well as other growth factors) secreted by the mesenchyme would allow the expansion of progenitor cells, that subsequently differentiate into exocrine cells.
The trophic effects of FGF10 on the mouse pancreatic epithelia were not unexpected since we had previously shown that FGF10 stimulates the proliferation of the rat embryonic pancreas (Miralles et al., 1999) . Moreover FGF10-null mice presented an hypoplastic pancreas (Bhushan et 
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that despite the presence of FGF10, a minimal amount of other growth factors was necessary to allow the survival and growth of the pancreatic precursors when cultured in the absence of mesenchyme. Another unexpected observation is the absence of ductal cells in our cultures. Gittes and co-workers have shown that isolated mouse pancreatic epithelium grown in Matrigel developed into cystic structures formed by differentiated ductal cells (Gittes et al., 1996) . In our study we have used reduced growth factor Matrigel, which contains the same basement membrane components than Matrigel but has been greatly depleted in growth factors. Apparently our culture conditions are less favourable to ductal differentiation. However, a few ductal cells were detected in the explants treated simultaneously with FGF10 and compound 1 suggesting that somehow, the blockage of Notch signalling could be required to allow ductal differentiation. It must be noted also that, as in the FGF10-treated explants, differentiated ductal cells were not detected in the pPdx1-FGF10 transgenic mice.
The role of the Notch pathway in the control of pancreatic differentiation is now well established. Loss of function of various Notch pathway genes (Hes1, Delta1, RBPjk) leads to premature and massive differentiation of the pancreatic progenitors into endocrine cells (Apelqvist et al., 1999; Gradwohl et al., 2000; Jensen et al., 2000) . A similar phenotype was observed in transgenic mice expressing the bHLHL trascription factor Ngn3 (a gene usually repressed by Notch activation) under the control of the trough Notch signalling. Both FGFs efficiently up-regulate the expression of Notch 1 in these neuronal precursors (Faux et al., 2001) . However, our RT-PCR analysis did not show any major differences in the levels of expression of these genes between the FGF10-treated and untreated pancreatic epithelia.
It is noteworthy that untreated isolated pancreatic epithelia showed in vitro an outcome similar to that of the pancreas of mice deficient for different genes of the Notch pathway, or the pPdx1-Ngn3 mice. That is, arrested growth, accelerated and almost total differentiation of the pancreatic epithelium into endocrine cells and also, as we observed in our study, rapid down-regulation of Hes1. This suggests that the mesenchyme not only provides signals necessary for the growth of the pancreatic epithelium but it can also regulate the maintenance of the pancreatic progenitors in an undifferentiated state via the Notch pathway. In the developing pancreas FGF10 is essentially produced by the pancreatic mesenchyme, while its receptor FGFR2b is expressed only in the epithelial cells (Miralles et al., 1999) . Thus, the pattern of expression of FGF10 is consistent with the hypothesis that FGF10 could be the mesenchymal factor responsible of the maintenance of the Notch signalling. Studies on the development of other organs have also implicated the FGFs in the self-renewal of progenitor cells via the Notch pathway. Of particular interest, in this context, are several studies showing that FGF10 is capable of preventing the differentiation of the odontoblasts by inducing Notch signalling (Mitsiadis et al., 1997; Mustonen et al., 2002) . These studies Pdx1 promoter ( pPdx1-Ngn3 ), (Apelqvist et al., 1999) . Moreover, when a Notch-IC transgene is activated in the developing mouse pancreas using the Pdx1 promoter, both endocrine and exocrine differentiation are repressed, suggesting that Notch has an inhibitory role in the control of the differentiation of both lineages (Murtaugh et al., 2003) . It has been suggested that maintenance of the pancreatic progenitors in an undifferentiated state in the pPdx1-FGF10 mice could result of an eventual effect of FGF10 in inducing persistent activation of the Notch pathway. Our study corroborates this hypothesis. Hes1, a target gene of the Notch pathway, was rapidly downregulated in the isolated E10.5 pancreatic epithelia, but its expression persisted in the explants treated with FGF10. Moreover, the γ-secretase inhibitor, compound 1, downregulated Hes1 expression and considerably reduced the growth and the number of undifferentiated cells in the FGF10-treated pancreatic epithelia. Thus, the inhibition of the Notch pathway prevents the effect of FGF10 on the proliferation and the maintenance of the pancreatic progenitors in an undifferentiated state. Therefore, the Notch pathway is required as a downstream mediator of the FGF10 signalling in pancreatic precursors. We do not know how FGF10 maintains the Notch activation. It has been suggested, based on the expression of the Notch ligand genes Jagged 1 and Jagged 2 in the undifferentiated pancreatic epithelium of the pPdx1-FGF10 mice, that FGF10 could induce the expression of these ligands (Norgaard et al., 2003) . FGF10 could also down-regulate repressors of Notch activity like Sel1 (Hart et al., 2003) or up regulate Notch expression. In this regard, it has been shown that the FGF1 and FGF2 induce the proliferation and inhibit the differentiation of neuroepithelial precursors
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showed that Hes1 expression in the dental precursors is dependent on mesenchymal signals and that FGF10 induces Hes1 expression in explants of isolated dental epithelium. In these explants FGF10 also induces the expression of Lunatic fringe, an enhancer of Notch activity. Interestingly, we have found that Lunatic fringe is expressed throughout pancreatic development and that its maximal expression occurs between E12 and E16, a period corresponding to the expansion of the population of pancreatic precursors. This period coincides with the maximal expression of FGF10 by the pancreatic mesenchyme. Moreover, FGF10 induces Lunatic fringe expression in the E10.5 isolated dorsal pancreatic epithelium. Thus, in vivo FGF10 could maintain Notch activity in the pancreatic precursors by inducing Lunatic fringe. The present and previous studies indicate that FGF10 is able to maintain active Notch signalling. However, other signalling pathways are also probably implicated in Notch control. In this respect, a recent study has shown that TGFα can induce Notch activation in explant cultures of pancreatic acinar cells. Upon treatment with TGFα these cells expressed high levels of Pdx1 and Hes1 and underwent acinar to ductal metaplasia (Miyamoto et al., 2003) . The study of the interactions between the Notch pathway and other signalling cascades implicated in pancreas development will be crucial to further unravel the mechanisms controlling the self-renewal of the pancreatic precursors.
Materials and Methods
Animals
Pregnant mice were obtained from our own breeding facilities (Institut Cochin, France). The morning of the discovery of the vaginal plug was designed as E0.5. Pregnant mice at E10.5 were killed by cervical dislocation. The embryos were harvested and the dorsal pancreatic rudiments were dissected as previously described (Gittes and Galante, 1993) .
Explants culture of embryonic pancreas
To remove the mesenchyme, the pancreatic rudiments were incubated for 10 min at room temperature in 0.6 U/ml of dispase II (Roche). After this treatment the epithelium was carefully separated from the surrounding mesenchyme using tungsten needles. Three or four pancreatic epithelia were embedded in 20 µl of growth factor reduced Matrigel TM or rat-tail type I Collagen gel (both from BD Biosciences). Matrigel was used diluted 1:1 in culture medium. After polymerization the gels were covered with 200 µl of culture medium. The culture medium was: DMEM:F12 supplemented with glutamine, 1%FCS, penicillin:streptomycin and 10 mg/ml serum albumin.
Human recombinant FGF-10 (R&D Systems) was diluted in PBS containing 0.1% serum albumin. The growth factor, was added to the culture medium at a final concentration of 100 ng/ml. The medium was changed every day and fresh FGF10 added. In some experiments 10 µmol BrdU (5-Bromo-deoxy-Uridine) was added to the culture medium for 3 h to label the explants and allow the study of cell proliferation.
Immunohistochemistry
Immunohistochemistry was performed on frozen sections (5 µm thick). On the day of staining, the slides were dried at 37°C for 30 min. Sections were permeabilized for 30 min in 0.1%Triton X-100 in PBS and blocking of unspecific reactivity was performed for 1 h in 3% BSA in PBS. Primary antibodies where added at the appropriate dilutions in 0.1% Triton X-100/ 3% BSA in PBS and left to react overnight. The next morning the excess of antibody was removed and the sections were washed for 3x 5 min in 0.1% Tween 20-PBS. Appropriate fluorescent secondary antibodies were then added and incubated for 1 h. After extensive washing in 0.1% Tween 20-PBS (5 washes x 5 min), the sections were washed for 5 min in PBS and mounted with VectashieldTM (Vector). The sections were examined and photographed using a fluorescence microscope (Eclipse E800, Nikon) equipped with a digital camera (DXM1200, Nikon) and adapted image acquisition software (ACT-1, Nikon). The Antibodies used in this study, source and dilution were as follows: rabbit anti-Pdx1, C. Wright, USA, 1:1000; rabbit anti-Nkx6.1, M. German, USA, 1:500; rabbit anti-p48/ Ptf1α, H. Edlund, Sweden, 1:1000; mouse anti-Somatostatin, Dako, 1:500; mouse anti-Glucagon, Sigma Fluorescein-labelled DBA lectin was purchased from Sigma, 1:100.
In situ hybridization
For ISH, explants and embryonic or foetal mouse pancreas were fixed in 4% paraformaldehyde and embedded in OCT. Frozen sections were hybridized with digoxygenin-labeled riboprobes. The hybridized probes were detected using AP-conjugated anti-digoxigenin antibodies (Roche). Signal was visualized by using the NBT/BCIP substrate (Roche). Probes against Hes1 and Ngn3 were a generous gift of Dr G. Gradwohl (INSERM, France) . The p48 probe was kindly provided by Dr. P.K. Wellauer (Institute for Experimental Cancer Research, Lausanne).
Quantitative analysis
To determine the relative proportions of the different cell types in the rudiments we measured the surface area staining positively for each specific cell marker and divided by the total area of the rudiment section. The analysis of cell surface areas was done on digitalized images of pancreatic rudiments using NIH image software. The data shown represent the mean values (in %) of the relative surface area occupied by each cell type in different sections of the rudiments analyzed. The total proliferation index in the rudiments was calculated as the number of BrdU+ nuclei/area. For the analysis of the proliferation of each cell type the rudiments were co-stained with anti-BrdU and anti-insulin, antiglucagon or anti-amylase antibodies. The cells were counted and the percentage of each cell type co-staining positively with BrdU calculated.
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